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doi:10.1016/j.jtcvs.2004.01.013386 The Journal of Thoracic and CardioBackground: Aortic cannulation for cardiopulmonary bypass (CPB) is linked to
cerebral microemboli emanating from the ascending aorta. Aortic calcification or
disease requiring replacement precludes aortic cannulation. Clinical experience with
axillary artery cannulation led to the hypothesis that axillary cannulation may be
cerebroprotective.
Methods: Five mongrel dogs underwent a median sternotomy and isolation of the
right axillary artery. The canine bicarotid brachiocephalic trunk was reconfigured by
grafting the origin of the left carotid to the proximal left subclavian artery. Micro-
spheres were injected into the ascending aorta during 4 conditions: before and after
reconfiguration, CPB with aortic cannulation, and CPB with axillary cannulation.
Brain, kidneys, and skeletal muscle were analyzed for microsphere distribution.
Results: Each animal served as its own control for comparison of aortic and axillary
cannulation. No significant differences were documented in microsphere deposition
for prereconfiguration and postreconfiguration. In the right middle cerebral artery
distribution, 2300  710 microspheres per gram were deposited during aortic
cannulation, compared with 540 110 during axillary cannulation (P .05). In the
left middle cerebral artery region, 2030  330 microspheres per gram with aortic
cannulation were reduced to 1320  240 with axillary cannulation (P  .05).
Axillary cannulation resulted in 73% fewer microspheres in the right brain and 40%
fewer microspheres in the left compared with aortic cannulation (P  .05).
Conclusions: Axillary artery cannulation for CPB is cerebroprotective. Altered
blood-flow patterns during axillary cannulation may produce retrograde brachioce-
phalic artery blood flow and competing intracerebral right-to-left collateral blood
flow, deflecting emboli from the ascending aorta and arch toward the descending
aorta. Expanded use of axillary artery cannulation during cardiac operations could
decrease the incidence of stroke.
Neurologic complications remain a primary cause of morbidity andmortality after cardiac operations.1-3 Perioperative stroke, definedas neurologic deficit that occurs within 30 days of operation andpersists longer than 1 week, occurs in 1.5% to 6.1% of pa-tients.1,4,5 The mortality rate of patients who experience a strokeafter cardiac operations has been reported at 20% to 38%.1,2,5,6
Activation of systemic inflammatory response mediators, the presence of gaseous
and/or particulate emboli in the cardiopulmonary bypass (CPB) circuit, and cerebral
hypoperfusion have been implicated in neurologic dysfunction after cardiac oper-
ations.2,3 The most important cause of neurologic dysfunction after CPB, however,
is believed to be cerebral emboli,4,7 specifically aortic atheroemboli released during
8aortic cannulation or decannulation for CPB.
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PThe ascending aorta has been the primary route of return
for CPB since the early 1970s. Atherosclerosis or aneurysm
of the ascending aorta, however, can preclude its cannula-
tion, necessitating the use of other sites. One alternative—
cannulation of the femoral artery—elicits retrograde perfu-
sion through the descending aorta, which is likely to be
atherosclerotic, limiting the use of this technique.9 The
axillary artery, however, is rarely diseased and benefits from
rich collateral blood flow about the shoulder.9 When can-
nulated, it generates antegrade blood flow through the de-
scending aorta. Axillary artery cannulation has been bene-
ficial for the repair of type A aortic dissection,9 ascending
aorta aneurysm,10 and coronary artery disease in cases of
severe aortic calcification11 and demonstrates few compli-
cations secondary to the technique.12 Additionally, our ex-
perience found that axillary artery cannulation provided a
reproducible, neurologically safe approach in a group of
patients at high risk for intraoperative neurologic morbidi-
ty.13 Despite minimal neurologic sequelae reported,9,11,13
axillary artery cannulation has yet to gain widespread use in
cardiac surgery. The purpose of this study was to contrast
the cerebral distribution of microemboli resulting from tra-
ditional aortic cannulation with that of axillary artery can-
nulation during CPB. We proposed that the blood-flow
dynamics during CPB after axillary artery cannulation
would result in significantly fewer microemboli in the ce-
rebral circulation than after aortic cannulation.
Methods
This study was approved by the Case Western Reserve University
Institutional Animal Care and Use Committee and conformed to
the Guide for the Care and Use of Laboratory Animals prepared by
the Institute of Laboratory Animal Resources, National Research
Council, and published by the National Academy Press (revised
1996). Six male mongrel dogs (25-35 kg) were used for the study.
One animal died because of surgical complications before CPB.
Anesthesia was induced with thiopental sodium (25 mg/kg intra-
venously [IV]) and maintained with fentanyl (3 g · kg1 · min1)
and midazolam (9.6 g · kg1 · min1). Prophylactic cefazolin
(1 g) was administered, and lactated Ringer solution was delivered
at 50 mL/h (IV). Heart rate, oxygen saturation, mean arterial blood
pressure (MAP), central venous pressure, and temperature were
continuously monitored. The animals were intubated (8.0F) and
mechanically ventilated with 100% oxygen at 12 breaths per
minute and a tidal volume of 15 mL/kg. Paralysis was achieved
with pancuronium bromide (1 mg) before chest incision.
The femoral artery and vein were isolated through a left groin
incision. A 6F venous catheter was placed in the femoral vein to
monitor central venous pressure and administer IV fluids and
medications. The femoral artery was cannulated with a 6F catheter
to monitor MAP and sample peripheral blood to determine re-
gional blood flow, blood gas values, and hematocrit. Distal to the
arterial catheter placement, a 4- to 5-cm portion of the artery was
harvested for later graft use. Through a right-sided midaxillary
incision, the axillary artery was isolated. The left and right carotid
arteries were mobilized through a midline neck incision and fitted
The Journal of Thoraciwith an ultrasonic flow probe (Transonic Systems Inc, Ithaca, NY)
for measurement of carotid blood flow.
A median sternotomy was performed, and the pericardium was
opened. The aortic arch was dissected, and the brachiocephalic,
left subclavian, and carotid arteries were mobilized. A needle vent
was introduced into the ascending aorta for injection of fluorescent
microspheres (15-m diameter; 2.5  106 particles per milliliter;
Interactive Medical Technologies Ltd, Irvine, Calif). A different
color was used for each injection to distinguish the conditions. The
microspheres were mixed immediately before injection to ensure a
homogenous suspension. Heart rate, temperature, MAP, PCO2, and
hematocrit were manipulated to ensure similar values between
comparative conditions. Immediately after each injection, periph-
eral blood was sampled from the femoral artery for calculation of
sphere concentration.
The canine aortic arch has 2 main branches: the brachioce-
phalic artery, from which both carotids originate, and the left
subclavian artery. The left carotid artery was detached from the
brachiocephalic artery and anastomosed to the proximal left sub-
clavian artery by using an autologous femoral artery (Figure 1).
Our aim was to reproduce the separate carotid origins of primate
anatomy by reconfiguring the origin of the left carotid distal to the
brachiocephalic artery. Microspheres were injected before and
after reconfiguration to ensure that the anatomic alteration alone
did not alter the steady-state pattern of cerebral blood flow.
Before cannulation for CPB, heparin (100 U/kg IV) was read-
ministered. The bypass circuit (Pemco Inc, Cleveland, Ohio) was
primed with 800 to 1000 mL of Plasmalyte solution (Baxter
Healthcare Corp, Deerfield, Ill) along with heparin, NaHCO3, and
albumin. The ascending aorta and the right axillary artery were
cannulated with a 10F pediatric arterial cannula (Medtronic, Grand
Rapids, Mich), and venous return was established with a right
atrial 32F catheter (Sarns; 3M Health Care Group, Ann Arbor,
Mich). The aortic root was crossclamped, and fibrillatory arrest
was established. During CPB, the MAP was maintained at 60  8
mm Hg by administering phenylephrine hydrochloride and norepi-
nephrine bitartrate as required and by adjusting the blood-flow rate
(1.9 to 3.4 L · min1 · m2). Microsphere injections were repeated
during bypass via aortic and axillary cannulation in a randomized
order in each animal. Blood samples were collected immediately
after each injection as previously described.
At the conclusion of the experiment, the animals were killed
with saturated potassium chloride. The brain, kidneys, and a seg-
ment of skeletal muscle were removed and stored in aqueous
buffered zinc formalin for 7 days. Tissue samples from the distri-
bution of the middle cerebral arteries (MCAs; 2.18-6.50 g)—
which included the temporal lobes and the inferior portion of the
frontal lobes, the occipital lobes (1.73-6.10 g), the kidneys (3.36-
12.80 g), and the quadriceps muscle (2.90-10.97 g)—were ob-
tained and processed (Interactive Medical Technologies Ltd) to
determine microsphere distribution (number per gram of tissue).
Tissue and blood samples containing microspheres were first di-
gested by potassium hydroxide to recover the microspheres and
were subsequently separated by negative pressure filtration or
sedimentation. Organic solvent was then added to extract the
fluorescent dye from the microspheres, and the fluorescent signal
from each sample was measured by a 96-well plate reader or an
c and Cardiovascular Surgery ● Volume 128, Number 3 387
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CSPautomated flow cell. Total fluorescence was then converted to
represent the quantity of spheres.
All values are expressed as mean  SD. Each animal served as
its own control for comparison of prereconfigured and postrecon-
figured conditions and for aortic cannulation versus axillary can-
nulation. Results were compared between before and after recon-
figuration and between aortic and axillary cannulation by using
paired Student t tests.
Results
Five animals completed the experimental protocol. No sig-
nificant differences were present in MAP (P  .498), tem-
perature (P  .054), PCO2 (P  .398), or hematocrit (P 
.484) before and after reconfiguration. Furthermore, the
distribution of microspheres in the cerebral and peripheral
tissue was not statistically different between these 2 condi-
tions (Table 1).
Physiologic parameters did not vary between axillary
and aortic cannulation (P  .800 for all). Blood flow in the
right carotid artery was 51.4 36.0 mL/min during axillary
cannulation and 50.6  41.9 mL/min during aortic cannu-
lation (P  .803). Similarly, blood flow in the left carotid
artery was not altered by the cannulation technique (axil-
lary, 39.8 23.7 mL/min; aortic, 45.7 38.1 mL/min; P
.455). Significant differences in microsphere distribution
were noted, however, between the 2 CPB cannulation tech-
niques (Figure 2 and Table 2). In the left MCA distribution,
Figure 1. Reconfiguration of the canine bicarotid tru
origins were separated by grafting the left carotid arte
artery (circled). Microspheres were injected into the a
cannulation (right) with predicted flow patterns (arrow2030  330 microspheres per gram were deposited with
388 The Journal of Thoracic and Cardiovascular Surgery ● Septaortic cannulation and 1320  240 microspheres per gram
with axillary cannulation (P  .05). The left occipital lobe
demonstrated 2020  540 microspheres per gram during
aortic perfusion and 1080  360 microspheres per gram
during axillary perfusion (P  .05). During aortic cannula-
tion, 2300  710 microspheres per gram were deposited in
the right MCA distribution, compared with 540  110
microspheres per gram with axillary cannulation (P  .05).
Finally, in the right occipital lobe, 2290  610 micro-
spheres per gram were deposited with aortic perfusion ver-
sus 650  230 microspheres per gram with axillary perfu-
sion (P  .05).
The distribution of microspheres in the peripheral tissues
during aortic and axillary cannulation is presented in Table
2. Although no significant differences were found in the
blood or muscle between these 2 conditions, significantly
more microspheres were deposited in the kidneys with
axillary cannulation than with aortic cannulation.
Discussion
The axillary artery has been successfully cannulated when
severe calcification or aneurysm of the aorta have precluded
cannulation of the ascending aorta and arch.8,10,11 Although
there are rare reports of axillary artery thrombosis, brachial
plexus injury, or dissection of the aorta secondary to axillary
artery cannulation,8,10,12 the axillary artery is rarely dis-
nd cannulation for cardiopulmonary bypass. Carotid
the left subclavian artery with the autologous femoral
ding aorta during axillary cannulation (left) and aorticnk a
ry to
scen
s).eased and can be safely cannulated directly or via a graft
ember 2004
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Pwith an end-to-side anastomosis. Axillary artery cannula-
tion not only avoids aortic manipulation during cannulation
but also avoids the retrograde flow of femoral artery can-
nulation and the resulting “sandblasting” effect of flow in an
atherosclerotic aorta.11 Possible contraindications to cannu-
lation of the axillary artery would be extension of aortic
disease into the artery or axillary/subclavian artery stenosis.
To our knowledge, no previous study has examined the
effect of cannulation sites for CPB on the incidence of
cerebral microemboli. In this study, we reconfigured the
bicarotid trunk of the dog to mimic primate anatomy. With
the left carotid artery relocated distal to the retrograde blood
flow in the brachiocephalic artery, we ensured that the left
carotid artery distribution would not be preferentially pro-
tected from the microspheres during axillary perfusion, and
we confirmed that this alteration did not affect microsphere
distribution.
In the regions supplied by the MCA, where most strokes
after cardiac operations have been documented,4 and in the
region of the occipital lobes, we demonstrated significantly
fewer microspheres during axillary perfusion than during
aortic perfusion. Overall, we found that axillary artery per-
fusion resulted in 73% fewer microspheres deposited in the
right brain and 40% fewer in the left brain when compared
TABLE 1. Microsphere distribution before and after anato
Tissue Before reconfiguration
Left MCA 590 240
Left OL 670 310
Right MCA 660 330
Right OL 710 330
Muscle 490 850
Left kidney 9560 3800
Right kidney 10,140 4680
Blood 3130 1270
Data are mean  SD. MCA, Middle cerebral artery; OL, occipital lobe.
Figure 2. Cerebral microsphere distribution, expressed
indicating fewer spheres in the cerebral circulation dur
RMCA, right middle cerebral artery; LOL, left occipitalwith ascending aorta perfusion. Blood flow in the left and
The Journal of Thoraciright carotid arteries was unchanged between axillary and
aortic cannulation, indicating that the reduction in micro-
spheres during axillary cannulation was not due to dimin-
ished blood flow to the brain. Additional support of the
hypothesis that the microspheres are deflected from entering
the cerebral circulation during axillary perfusion is that
more microspheres were deposited in the peripheral tissues,
especially the kidneys. These results support the consider-
ation that axillary artery cannulation can decrease the risk of
cerebral microembolization during CPB. Whether the cere-
reconfiguration
After reconfiguration P value
750 250 .366
780 240 .527
670 150 .843
730 160 .700
450 780 .340
11,080 4390 .314
10,730 3870 .715
2890 430 .699
ean  SD for aortic and axillary cannulation (n  5),
xillary cannulation. LMCA, Left middle cerebral artery;
; ROL, right occipital lobe.
TABLE 2. Microsphere distribution for aortic and axillary
cannulation
Tissue Aortic cannulation Axillary cannulation P value
Left MCA 2030 330 1320 240 .004
Left OL 2020 540 1080 360 .015
Right MCA 2300 710 540 110 .007
Right OL 2290 610 650 230 .009
Muscle 350 720 580 1160 .320
Left kidney 3950 3970 7910 4220 .034
Right kidney 4270 4210 8160 4150 .004
Blood 2320 1780 4980 2830 .186
Data are mean  SD. MCA, Middle cerebral artery; OL, occipital lobe.micas m
ing abroprotective effect witnessed with axillary cannulation is
c and Cardiovascular Surgery ● Volume 128, Number 3 389
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CSPdependent on altered blood-flow dynamics in the brachio-
cephalic artery and aortic arch or on cross-circulation via
the circle of Willis is not discernible in this study and will
be the subject of future investigations.
In conclusion, we provide evidence that during CPB with
axillary artery cannulation, significantly fewer microspheres
(originating in the ascending aorta) are deposited in the
brain than with aortic cannulation. Wider application of
axillary artery cannulation for cardiac surgery may reduce
the risk of perioperative stroke.
We thank Jose Suarez, MD, Osama Zaidat, MD, and Andy
Wright for their technical assistance with the tissue processing. We
also thank Jeff Foster and Anson Casille for operating the perfu-
sion pump.
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